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MOLECULAR MODELLING 
The length of the PBI-PA molecule was calculated using Avogadro 1.0.3 software with the 
united force-field (UFF). The molecule can be classified into three different segments: the end 
capping alkyl tail (0.63 nm), the aromatic core (1.13 nm) and an aliphatic spacer (1.17 nm) 
(Figure S1). All three layers and the calculated molecular length of 2.93 nm matches well 
with the lengths obtained from the XPS and X-ray reflectivity measurements. 
 




The measurements have been carried out in a Quantera SXM
tm
 from Ulvac-PHI. The 
measurements have been performed using monochromatic AlK-radiation and a rectangular 
measurement spot of approximately 500 x 250 µm. By means of wide-scan measurements the 
elements present at the surface have been identified. The chemical state and the apparent atomic 
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measurements. Standard PHI sensitivity factors
[1,2]
 were used to convert peak areas to apparent 
concentrations.  As a result of this, it is possible that the concentrations deviate from reality in the 
absolute sense (generally not more than 20% relative).  
Results and discussion 
XPS measurements were performed on the PBI-PA SAMFETs to verify the presence of a 
monolayer reasonable for the electrical characteristics. First, measurements were done at two 
positions using a take-off angle Θ of 45°; at this measurement angle the information depth is 
approximately 7 nm. The elements that are present at the surface according to survey scans and 
the apparent concentrations obtained from narrow-scan measurements are summarised in 
Table S1. In this table is also shown which XPS line was measured, the peak position and the 
most likely chemical assignment. 
Table S1. Apparent atomic concentrations (at%) measured at the surface (Θ = 45 °). Peak 
positions in eV are given in the second row. The most likely chemical assignment is given in 
the third row. 
 
Position Al 2p C1s F 1s N 1s O 1s P 2s Si 2p 
 74.7 284.8 286.5 288.0 289.0 685.8 400.1  191.4 102.6 
 Al2O3 C-H -C-O -C=O O-C=O F
- 
N-C=O  -PO3 org.? 
position 1 15 44 2.4 2.9 0.8 1.7 2.1 29 0.9 1.1 
position 2 15 44 2.4 3.1 0.8 1.7 2.1 29 0.9 1.1 
 
Table S2. Apparent concentrations (at%) measured at position 2 for two values of the take-off 
angle Θ. In the lower row, the concentration ratios cΘ = 80° / cΘ = 20° are given. A large value of this 
ratio corresponds to a relatively large distance of the component from the outer surface. 
 
Position Θ Al 2p C1s F 1s N 1s O 1s P 2s Si 2p 
 (°) Al2O3 C-H -C-O -C=O O-C=O F
- N-C=O  -PO3 org.? 
pos 2 80 19 33 2.2 2.0 1.0 2.1 1.5 37 0.8 0.8 
pos 2 20 8 59 4.4 3.4 1.6 1.0 2.7 17 1.4 0.9 
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pos 2 80 20 32 2.6 1.9 0.9 2.1 1.6 38 0.8 0.9 
ratio 80 / 20  2.3 0.5 0.5 0.6 0.6 2.1 0.6 2.2 0.6 1.0 
 
To determine the position of the detected elements relative to the outer surface (the “layer 
structure” of the sample), additional measurements were done at one position for Θ = 80°, 
Θ = 20° and again for Θ = 80°. The results of these measurements are given in Table S2. 
The first and the second measurement for Θ = 80° are in good agreement with each other; hence 
we conclude that the SAMs are not sensitive for irradiation with X-rays.  




 / Si (org?) / organic layer containing C, O, N and P 
We notice that a contamination with Si is present at the interface Al / organic layer (possibly as 
silicones) as well as a contamination of Fluor, chemically bound as aluminium oxifluoride. 
According to the analysis the element P is not only positioned at the interface Al2O3 / organic 
layer but can also be found within the organic layer. This suggests that possibly not all molecules 
are anchored to the substrate. Similar results were observed for quinquethiophene SAMs on SiO2 
and organic dielectrics where - stacking plays an important role in the monolayer 
formation.
[3,4]
 To obtain insight into the thickness and the real concentrations of the organic layer, 
model calculations have been performed.
[5,6]
 Important for these calculations is the assumption 
that the sample consists of a homogeneous substrate on which a homogeneous thin film is 
present (thickness Dorg). In [5] relations are derived between the real concentrations in the 
substrate and the thin film on the one hand and the apparent concentrations on the other hand, 
with the layer thickness Dorg as a parameter. During the model calculations the value of Dorg is 
adjusted in such a way that the sum of the real concentrations in the thin film is 100 at%; 
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mathematically can be shown [30] that at this condition also the sum of the real concentrations in 
the substrate is 100 at%. 
Calculations have been performed using the data in table 1 (measured for Θ = 45°) and the data 
obtained for Θ = 20° in table S2. To estimate values for the apparent concentration of organic O, 
the components of the C1s-peak were calculated assuming: 
CO-org = 0.5 * CC in C-O + CC in C=O + 2 * CC in O-C=O 
Values of the Inelastic Mean Free Path in the organic layer were taken from Cumpson; to take 
into account the lower atomic density of the present molecules relative to C-H polymers the 
IMFP-values of Cumpson were multiplied with a factor of 1.19.
[7]
  
The results of the model calculations are given in Table S3. The uncertainty in the obtained 
values of the thickness  Dorg is determined mainly by the uncertainties in the IMFP-values. The 
uncertainty is estimated at ± 5 % 
[7]
; by consequence the possible error in Dorg is estimated at ± 
0.2 nm.  The uncertainty in the coverage Np is determined predominantly by the limited 





Table S3. Results of model calculations: values are given for the thickness of the organic layer, 
Dorg, the coverage with P, NP, and the real atomic concentrations in the organic layer. Remark: 
the value of the coverage NP was calculated starting from the apparent concentration of P, taking 
into account that P is present randomly within the entire organic layer. 
 
Position Dorg NP N 1s C1s O1s P 2s  F 1s O1s Al 2p 
 (nm) (at/cm
2
)   org    inorg  
position 1 (Θ = 45°) 3.1 1.8x1014 3.3 86 9.0 1.6  8 53 40 
position 2 (Θ = 45°) 3.1 1.8x1014 3.3 86 9.0 1.6  8 52 40 
position 2 (Θ = 20°) 3.1 1.8x1014 3.1 85 10.3 1.7  14 50 37 
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In conclusion XPS-analyses confirm the presence of a PO3 alkyl-containing SAM-layer 
homogenously deposited on Al2O3. The concentration corresponds to a coverage NP of 1.8x10
14
 
atoms P / cm
2
 and an effective layer thickness dorg of 3.08 nm. These results coincide well with a 




) and the layer thickness 
calculated by united force-field (UFF) of 2.93nm. 
 
 
X-RAY DIFFRACTION STUDIES ON SELF-ASSEMBLED MONOLAYERS 
 
Specular x-ray reflectivity (XRR) measurements were performed on a Panalytical 
Empyrean Reflectometer set up with copper sealed tube, a 1/32° primary slit, a 10mm beam 
mask and a multilayer mirror (λ = 0.1542 nm) on the primary side. A small receiving slit of 
0.1 mm and a 3D Panalytical Pixcel detector were used on the secondary side. The 
experimental data were fitted with Parrat formalism
[9]
 using X´Pert Reflectivity 1.3 software 
(PANalytical). This software package uses a genetic fitting algorithm,
[10]
 which finds the 
vicinity of the global optimum of the fit and uses the Marquardt-Levenberg algorithm to 
finally optimize the parameters to the found local minimum. The error estimation of the fitting 
parameters is done as described in chapter 15.6 of the Numerical Recipes.
[11]
 The surface 




Grazing incidence x-ray diffraction (GIXD) measurements were performed at the beamline 
W1 at the synchrotron HASYLAB, Germany. A wavelength of 0.11801 nm was used. The 
incidence angle of the primary beam was chosen at the optimum value αi = 0.15° resulting in 
the best signal to noise ratio. The samples were investigated in an inert helium atmosphere 
provided by a stage with a domed x-ray window (DHS900, AntonPaar).
[13]
 The results of in-
plane GIXD measurements are presented as line scans obtained by integrating intensities of 
reciprocal space maps
[14]
 measured by a one dimensional position sensitive detector (Mythen 
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1K, Dectris). The crystallite size was estimated by line broadening analysis using the Scherrer 
equation;
[ 15 ]
 the instrumental broadening in the used experimental range was about 





X-ray diffraction studies on drop casted films 
Thick films are prepared by drop casting from tetrahydrofuran solutions on thermally 
oxidized silicon wafers. The films are investigated by specular X-ray diffraction (SXRD) and 
by grazing incidence X-ray diffraction (GIXD). The SXRD was performed by a SIEMENS 
D501 diffractometer using Bragg-Brentano geometry. Radiation from a sealed copper tube 
was used in combination with a graphite monochromator at the secondary side. Laboratory 
GIXD measurements were performed with a commercial four-circle Bruker D8 Discover 
diffractometer upgraded with the Bruker Ultra GID add-on using a sealed copper tube 
(λ = 0.1542 Å).[16] The incidence angle (αi = 0.17°) of the primary beam was optimized to 
maximize the scattering intensity from the parabolic graded multilayer mirror,
[17]
 the beam 
size was defined by a 0.6 mm primary slit. Both the incidence X-ray path as well as the 
secondary path contains large Soller slits and the scattered beam was detected with a one-
dimensional position sensitive detector (Vantec-1). The results of in-plane GIXD 
measurements are presented as line scans obtained by integrating intensities of reciprocal 
space maps.
[14]
 The crystallite size was estimated by line broadening analysis using the 
Scherrer equation;
[15]
 the instrumental broadening in the used experimental range was about 





Figure S2 shows the SXRD pattern and the GIXD pattern of a drop casted film, plotted as 
a function of qz and qxy, respectively. In case of SXRD two dominating peaks are observed at 
qz = 2.2 nm
-1
 and 2.8 nm
-1
, a peak at 7.1 nm
-1
 and a broad feature at 14 nm
-1
. GIXD reveals a 
strong peak at qxy = 2.9 nm
-1
 a peak at 18.0 nm
-1
 and broad feature at 14 nm
-1
. The diffraction 
pattern are in qualitative good agreement with X-ray diffraction studies on comparable 
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molecules which are formed by a conjugated core of PBI and branched side chains.
[8,18]
 The 
peak at qxy = 18.0 nm
-1
 represents the stacking distance of the conjugated cores of 0.35 nm. 
The large peak width of qxy = 1.4 nm
-1
 can be referred to a rather small crystalline 
correlation length of 4.6 nm which corresponds to 13 repeating units of stacked PBI cores. 
The peaks at qz = 2.2 nm
-1
 and 2.9 nm
-1
 are representative for the two-dimensional lateral 
packing of the columns formed by the stacked PBI units. The broad features at q = 14 nm
-1
 
are typical for disordered alkyl chains.  
Within the drop casted film the crystals of PBI-PA show a strong preferred orientation. 
While both peaks of the column packing (qz = 2.2 nm
-1
 and 2.8 nm
-1
) are present in the SXRD 
pattern, only one peak of the column packing (qxy = 2.9 nm
-1
) is present together with the 
peak of the stacking of the conjugated PBI cores (qxy = 18 nm
-1
) at the GIXD pattern. This 
reveals that the columns of stacked PBI cores are aligned parallel to the substrate surface.          
 
Figure S2. Specular x-ray diffraction (SXRD) and grazing incidence x-ray diffraction 
(GIXD) of a drop casted film prepared from a tetrahydrofuran solution. The intensity of the 
GIXD pattern was integrated in the qz range around the Yondea peak (0 …0.5 nm
-1
).     
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TRANSISTOR SUBSTRATES 
Bottom-gate/bottom-contact transistor substrates with patterned gate and interconnections 
were fabricated on monitor silicon wafers with a native silicon dioxide layer. First the gate 
was created by sputtering a thin gold layer and structuring it via photolithographic processes. 
On top a 100 nm thick Al2O3 layer was grown by atomic layer deposition (ALD) at 120 °C 
using trimethylaluminum and H2O as precursors. Next vertical interconnections where created 
to enable contacting the gate. Finally the gold source and drain electrodes were deposited via 
sputtering and structured by conventional photolithography on top of the Al2O3. The whole 
process was developed to remain below 150°C compatible with low temperature flexible 
electronic processes.
[19]
 An AFM image of a typical transistor substrate is shown in Figure S3. 
 
Figure S3: AFM image of a bare Al2O3 substrate without SAM. The nanocrystalline layer 
exhibits a roughness of rq of 0.3nm. 
 
ELECTRICAL CHARATERIZATION OF PBI-PA SAMFETs  
Transistor device characteristics were measured at room temperature in inert atmosphere (N2 
glove box) using an Agilent 4155C semiconductor parameter analyzer controlled by a PC. 



















(a)               (b) 
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The field-effect mobilities of the SAMFETs in saturation (μsat) regime were calculated from 


























    (S1) 
where Ci is the capacitance per unit area of the gate dielectric layer (70nF/cm
2
 for the Al2O3 
used in this work), and L and W are channel length and width, respectively. The threshold 
voltage (Vth) of the devices is extracted by extrapolating the square root (SQRT) of |IDS,sat| vs. 
VG plot to Ids,sat = 0 (as depicted in the plots in Figure 5b). 
 
Figure S4. Characteristics of a PBI-PA based SAMFET. (a) Output characteristics of a 
transistor with a channel length of 5 µm and a channel width of 1000 µm. The drain voltage is 
swept from 0 V to 20 V, the gate voltage is varied starting from 0 V to 25 V in 5 V per step. 
(b) Transfer characteristics of the device, in the saturation regime with a drain voltage of 
20 V. 
 
Figure S4 shows the output and transfer characteristics of a transistor with a channel 





/Vs, and showed an excellent on-off ratio of 10
5
. We note that the transistors are 
strongly contact limited as can be observed from the strong nonlinear “s” shaped behaviour at 
the low drain bias. The contact resistance is understandable considering the large mismatch 
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Back and forth measurements 
To enable the fabrication of reliable devices the hysteresis was investigated for the 
SAMFETs. In general the transfer measurements exhibited strong hysteresis and gate bias 
instabilities. A method to suppress the hysteresis was drop casting of a thin layer of 
polystyrene on top of the SAMFETs. The results are demonstrated in  Figure S5. 
 
Figure S5. PBI-PA SAMFET characteristics of a device with a thin polystyrene layer on top. 
(a) Output characteristics of a SAMFET based on PBI-PA with a channel length of 5 µm and 
a channel width of 1000 µm. The drain voltage is swept from 0 V to 20 V, the gate voltage is 
varied starting from 0 V to 25 V in 5 V per step. (b) Transfer characteristics of the device, in 
the saturation regime with a drain voltage of 2 V (black curve) and 20 V (red curve). 
 
Electrical characteristics of the bulk layers of PBI-PA 
In order to benchmark the electrical performance of the PBI-PA semiconductor, thin films 
were drop casted on conventional transistor substrates (Figure S6a). From the transfer 




/Vs, an on/off ratio of 250 and a threshold 
voltage Vt = 5V was observed. The device was also heavily contact limited. Compared to the 
SAMFETs the devices exhibited lower mobility and on/off ratios (Figure S6c).  





















































(a)                      (b) 
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Figure S6. Investigation of a PBI-PA bulk transistor. (a) Optical image of a drop casted 
PBI-PA transistor. (b) Output characteristic and (c) transfer characteristic of a drop casted 
PBI-PA transistor. 
 
Results of PBI-PA on SiO2 
To verify chemical self-assembly as the driving force for the monolayer fabrication, 
transistor substrates with a SiO2 gate dielectric were incubated in a PBI-PA solution according 
to the method described above. Whereas Al2O3 substrates always exhibited functional 
transistor characteristics, the SiO2 based devices did not. None of all SiO2 based devices 
measured showed any electrical conductivity (Figure S7). This result demonstrates the 
selectivity of the PBI-PA molecule to Al2O3. 




































(a)                 (b)      (c) 
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Figure S7. Current-voltage characteristics of transistors with SiO2 dielectrics. The devices 
were fabricated according to the same procedure described above. The insets reflect the width 
(W) and length (L) ratios. 
 
SAMFET COMPLEMENTARY INVERTERS 
CMOS inverters were fabricated by integrating p-type SAMFETs with n-type SAMFETs. 
The use of a complementary logic design allows the development of logic which is 
substantially more robust and power efficient. The improvement in noise imunity from using 
CMOS logic warrents the current focus on stable and high mobility n-type materials.
[21]
 As a 
p-type SAMFET, a quinquethiohpene deverative with a dimethylchlorosilane anchor tail was 
taken. The SAMFET was fabricated on an heavily doped n
++
 silicon wafer with a 200 nm 
thermally grown SiO2 gate dielectric and gold electrodes according the procedure described in 
literature.
[3,4]
 Figure S8a shows the p-SAMFET transfer characteristics. It exhibits mobilities 




/Vs and a threshold voltage of approximatly 10V. For the n-type 
SAMFET, PBI-PA was used as the semiconductor. The monolayers were fabricated according 
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W/L = 5000/10W/L = 500/5
(a)                       (b)   










(c)        (d) 
  Submitted to  
14 
to procedures described above. The transfer characteristics of n-type SAMFET is given in 
Figure S8b. The device exhibits a mobility in the order of 5x10
-4 
cm/Vs, on/off ratio of 5 
decades and a threshold voltage of around 7V. Due to the difference in mobility and other 
parameters, the currents of the p-type SAMFET were matched with that of the n-type 
SAMFET. This was done by adjusting the channel length only. In the case of the p-type 
SAMFET a 40 m channel length was chosen and for the n-type SAMFET a 2 m channel 
length was taken. The channel width equaled in both cases 1000 m. 
 
Figure S8. Transfer characteristics two SAMFETs which were implemented to the bias 
inverter. (a) Transfer characteristic of the used p-type SAMFET. (b) Transfer characteristic of 
the n-type SAMFET.  
 
The inverter was realized by connecting two substrates in a complementary layout. A 
schematic overview of the inverter is given in Figure S9. 
 
Figure S9. Schematic illustration of the measurement setup for the SAM-CMOS bias inverter. 
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PMOS logic was previously reported.
[3]
 Whereas the SAMFETs showed good electrical 
properties such as high on/off ratio’s and high mobility, the realized logic suffered from the 
limitations on unipolar logic. A p-type SAMFET based inverter is shown in Figure S10a. The 
SAMFET is based on a Vgs= 0 logic. The inverter exhibited a gain of 6 and a 2-3 V noise 
margin. In addition the inverters showed leakage of current even when the inverter was not 
switching. To resolve these issues, complementary logic is indicated. By combing using the 
CMOS design, noise margin were doubled, gain was somewhat increased and leakage 
currents in the switched states eliminated. 
 
Figure S10. SAMFET based inverter characteristics. The dashed lines reflect the gain. 
(a) Characteristic of a unipolar PMOS logic. The inset shows a diagram of the inverter. 
(b) Characteristic of a bipolar CMOS logic. 
 
Finally for low input and ouput voltages the inverters showed large hystersis, due to the 
current threshold voltage postions (Vt = 7V) and instabilites exhibited in the devices. In 
additions the contact resistance also play a dominant role. However at higher Vdd and input 
voltage reasonable hystersis can be obtained as demonstrated in Figure S11. 
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Figure S11. Characteristics of a SAMFET based complementary inverter. The supply voltage 
was 30 Volts. The insets show a diagram of the inverter and a plot of the measured gain. 
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